INTRODUCTION
Astilbe Buch.-Ham. ex D.Don is a well-defined genus of Saxifragaceae, with a disjunct distribution between eastern Asia and eastern North America extending to SE Asia (i.e. northern Philippines, Java and New Guinea) (Gray, 1859; Hutchinson, 1927; Hara, 1939; Wu, 1983; Pan, 1985; Pan et al., 2001 ). The genus is characterized by its usually ternately compound leaves, large paniculate inflorescences and pubescent leaflets along veins. Most Astilbe spp. are commonly cultivated for their fern-like foliage and attractive large inflorescences (Trader, 2006) .
Astilbe was initially placed in subtribe Astilbinae of tribe Saxifrageae with Rodgersia A.Gray and Astilboides Engler from eastern Asia (Engler, 1930) . The subtribe was later raised to the tribal level as Astilbeae of subfamily Saxifragoideae (Schulze-Menz, 1964) . Recent molecular studies did not support the traditional classification of some genera and tribes, especially concerning tribe Astilbeae (Soltis et al., 1993 . Cytology and flavonoid chemistry also suggested that Astilbeae is not monophyletic (Bohm & Bhat, 1985; Soltis, 1986) . Rodgersia and Astilboides have been shown to be closely related to Darmera Voss, Mukdenia Koidzumi, Oresitrophe Bunge and Bergenia Moench of tribe Saxifrageae (Soltis, 1986; Gornall, 1989; Soltis et al., 1993 Soltis et al., , 2001 ). All these genera share the base chromosome number of x = 17 or 15 (Hamel, 1949; Soltis, 1986; Funamoto et al., 2000) . Astilbe, on the other hand, has been supported to be sister to Saxifragopsis Small, a monotypic genus endemic to western North America (Soltis et al., 1996b ). These two genera share the same base chromosome number of x = 7 (Schoennagel, 1931; Hamel, 1953; Gornall, Bohm & Taylor, 1983; Soltis, 1987) .
Morphological variation among Astilbe spp. is mainly in inflorescences, petal number and colour, sepal characters, leaf morphology and plant size (Knoll, 1909; Chung, Sun & Chung, 1983; Pan, 1985; Ohba, 2001; Trader, 2006) . The taxonomy of the genus has been highly controversial with 13-24 species being recognized (Chung et al., 1983; Pan, 1985; Ohba, 2001; Kim, 2007) . Taxon delimitation is under great debate for the eastern Asian taxa (Hutchinson, 1927; Engler, 1930; Hara, 1939; Pan, 1985 Pan, , 1992 Pan, , 1995 Mellichamp, 2009 ). For example, Pan (1985) recognized seven species and two varieties from 14 described species from China. Chung et al. (1983) included five species and three varieties of Astilbe from Korea, but Kim (2007) recognized only three species and one variety. For the Japanese taxa, Hara (1939) recognized 14 species and several varieties and forms, Ohwi (1953) treated six species and eight varieties and Ohba (2001) circumscribed ten species and six varieties.
In North America, Astilbe is narrowly distributed in the Appalachian mountains and was formerly treated as two species, A. biternata (Vent.) Britt. and A. crenatiloba Small (Small & Rydberg, 1905) . Astilbe decandra D.Don was widely used for A. biternata (e.g. in Gray, 1843; Kearney, 1893) . Small & Rydberg (1905) described A. crenatiloba as slightly different from A. biternata by the former being a smaller plant (c. 1 m tall, vs. 1-2 m tall) with crenate leaflets and smaller fruits (follicles 3 mm long vs. 4-5 mm long). More recently, A. crenatiloba has been recognized as a local variant of A. biternata in most modern treatments (Spongberg, 1972; Mellichamp, 1976 Mellichamp, , 1982 Mellichamp, , 2009 . Trader (2006) conducted a phylogenetic analysis of Astilbe based on morphology and plastid matK sequences. The morphological analysis sampled 21 taxa of Astilbe out of a total of about 24 taxa with 28 morphological characters. This analysis suggested two main clades: (1) a clade including A. japonica (Morr. & Decne.) A. Gray and A. glaberrima Nakai; and (2) a clade of the remaining Asian species and the North American A. biternata. However, sequence variation among taxa of Astilbe was generally low and phylogenetic analysis of matK resulted in a poorly resolved topology (Trader, 2006) .
The phylogenetic analysis based on internal transcribed spacer (ITS) sequences by Kim et al. (2009) showed better resolution, and it placed the Japanese endemic A. platyphylla H.Boiss as the first diverging lineage in the genus. The eastern North American species A. biternata and the Asian A. rivularis Buch.-Ham. ex D.Don formed a clade sister to the remaining species, which diverged into two robust geographical lineages: a Japonica clade distributed in Japan, Taiwan and the Philippines, and a Rubra clade of taxa from China and Korea (Kim et al., 2009) . However, that study did not sample several Chinese species, notably those from south-western China, one of the two species diversity centres for the genus (Pan, 1985 (Pan, , 1995 .
Hybridization, introgression and plastid capture in Saxifragaceae have led to topological incongruence between nuclear and plastid trees, as reported in the Heuchera L. group Soltis & Kuzoff, 1995) , Mitella Tourn. ex L. (Soltis & Kuzoff, 1995; Okuyama et al., 2005) , the Boykinia Nuttall group (Soltis, Johnson & Looney, 1996a) and Saxifragaceae s.s. . Natural interspecific hybridization in Astilbe has been reported a few times on Honshu, Japan, between A. microphylla Knoll and A. odontophylla Miq. (Hara, 1976), A. microphylla and A. japonica (Koidzumi, 1936; Ohba, 2001), and A. odontophylla and A. thunbergii (Siebold & Zucc.) Miq. (Ohba, 2001) . The ITS and matK phylogenetic trees seem to show incongruence (cf. Trader, 2006; Kim et al., 2009 ), but they need to be tested further.
The eastern Asian/eastern North American disjunction in Astilbe has long been observed. Gray (1859) suggested a close relationship between the North American A. biternata (as A. decandra) and the Japanese A. thunbergii (as Hoteia thunbergii Siebold & Zucc.), but the biogeographical patterns have never been explored in a phylogenetic framework. Astilbe has only one species in the New World, and shows a much higher species diversity in eastern Asia. In Asia, it has two diversity centres, one in Japan and the other in the Himalayas and the Hengduan Mountains of south-western China. Pan (1995) hypothesized that Astilbe originated or diverged early on in north-eastern Asia (the area of Japan, Korea and north-eastern China) with three dispersal routes to explain its modern distribution in Asia and North America. The first was from north-eastern Asia to eastern North America via the Bering land bridge; the second was the migration southward to Taiwan, the Philippines and Java to New Guinea through southern China; and the third was a southwestward migration from north Asia to the Himalayas through the Qinling-Daba Mountains and the Hengduan Mountains. Kim et al. (2009) suggested a similar pattern based on their molecular analyses, although their study included only limited samples from China. So far, molecular dating and ancestral area reconstruction have not been conducted for this genus. It is thus necessary to evaluate the biogeographical history of Astilbe, especially to test Pan's (1995) hypothesis based on analytical biogeographical analyses with a more extensive sampling scheme in south-western China.
The objectives of this study are to (1) reconstruct phylogenetic relationships in Astilbe, with extensive sampling from China; (2) test for phylogenetic incongruence between plastid and ITS phylogenetic trees; and (3) infer the history of biogeographical disjunction between Asia and eastern North America and the diversification history in Asia. We employed three plastid markers (matK, the psbA-trnH intergenic spacer and the trnL-F region) and the nuclear ribosomal ITS region for phylogenetic reconstruction in Astilbe, because these markers have been used successfully in phylogenetic studies of Saxifragaceae (Johnson & Soltis, 1994 Soltis et al., 1996a Soltis et al., , b, 2001 Nakazawa et al., 1997; Mort & Soltis, 1999; Holderegger & Abbott, 2003; Okuyama et al., 2005; Oliver, Hollingsworth & Gornall, 2006; Kim et al., 2009) .
MATERIALS AND METHODS

TAXON SAMPLING
Forty-three accessions of Astilbe spp. were collected from China, Korea, Nepal, New Guinea and eastern North America. For most Chinese species, we sampled multiple populations throughout the geographical ranges. Five samples from Japan representing three or four species were obtained from cultivation (Table 1) . To test the monophyly of Astilbe with all available data, the ITS sequences of 13 species from Kim et al. (2009) Genomic DNAs were extracted from c. 15 mg of silica gel-dried leaf tissues using DNeasy (Qiagen, Mississauga, Ontario, Canada) extraction kits. The ITS region was amplified and sequenced using primers ITS4 and ITS5 (White et al., 1990) . The trnL-F region was amplified and sequenced using primers c and f (Taberlet et al., 1991) . Primers psbA-F and trnH-R were used for amplification and sequencing of the psbA-trnH region (Sang, Crawford & Stuessy, 1997; Hamilton, 1999) . For the matK gene, primers trnK-3914F and trnK-2R (Johnson & Soltis, 1994) were used for amplification. Additional sequencing primers trnK- 390F, trnK-710F, trnK-1326R matK-1412F, matK-1470R, and matK-2200R were used (Johnson & Soltis, 1994 Sun, McLewin & Fay, 2001) . PCR amplifications were performed in a 25-mL volume containing 1.5 mM MgCl2, 0.2 mM of each dNTP, 0.4 mM of each primer, 1 U Taq polymerase (Bioline) and about 10-50 ng DNA template. The amplification profiles of plastid regions were as follows: 3 min at 95°C, followed by 37 cycles of 20 s at 94°C, 30 s at 50°C and 40 s at 72°C, and then a final 5-min extension at 72°C. For the ITS region, the protocol was 3 min at 95°C, followed by 37 cycles of 20 s at 94°C, 30 s at 52°C and 40 s at 72°C. Dimethylsulphoxide (10%) was added to the PCR reactions for ITS to prevent the formation of secondary structure.
The PCR products were purified using the polyethylene glycol precipitation procedure followed Sambrook, Fritsch & Maniatis (1989) . Cycle sequencing was conducted using BigDye 3.1 reagents and carried out using the following profile: 35 cycles of 97°C for 15 s, 50°C for 5 s and 60°C for 4 min. The products of cycle-sequencing reactions were cleaned using Sephadex columns (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Sequences were generated on an ABI prism 3730XL capillary sequencer (Applied Biosystems, Foster City, CA, USA), edited using the program Sequencer (version 4.8; Gene Codes Corp., Ann Arbor, MI, USA) and aligned with MUSCLE version 4.0 (Edgar, 2004) , followed by manual adjustments with the Sequence Alignment Editor version 2.0a11 (Rambaut, 2002) .
PHYLOGENETIC ANALYSES
Phylogenetic trees were constructed using maximumparsimony (MP) and Bayesian inference. The MP analyses were conducted using PAUP* version 4.0b10 (Swofford, 2003) . Character state changes were equally weighted and gaps were treated as missing MOLECULAR PHYLOGENY AND BIOGEOGRAPHY OF ASTILBE 379 data. The most-parsimonious trees were obtained with heuristic searches of 1000 replicates with random stepwise sequence addition, tree bisectionreconnection (TBR) branch swapping, collapse of zerolength branches, multiple tree option in effect and saving 100 trees from each random sequence addition. Bootstrap values (BS) for the internal nodes were obtained with 1000 replicates (Felsenstein, 1985) . In each replicate, we performed ten random sequence addition replicates, followed by the TBR swapping algorithm keeping no more than 1000 trees per replicate. Tree statistics including consistency index (CI) and retention index (RI) were calculated using PAUP*. Nucleotide substitution model parameters were determined for the plastid and the ITS data sets using Modeltest version 3.7 (Posada & Crandall, 1998; Posada & Buckley, 2004) . Bayesian inference was conducted using MrBayes version 3.2.1 (Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003) with the model parameters determined from Modeltest. The chosen models were used as follows: GTR+I for each plastid marker, and GTR+I+G for the ITS data. The Markov chain Monte Carlo (MCMC) algorithm was run for 3000 000 generations with one cold and three heated chains, starting from random trees and sampling one out of every 300 generations. Runs were repeated twice to confirm results. After discarding the trees saved prior to the burn-in point (c. 15%), the remaining trees were imported into PAUP and a 50% majority-rule consensus tree was produced to obtain posterior probabilities (PP) of the clades.
The incongruence length difference (ILD) test (Farris et al., 1995) was used to evaluate congruence between the plastid and the nuclear ITS data sets. For all ILD tests, 100 replications were performed using PAUP*. As the ILD test (P < 0.01) suggested incongruence between the two data sets, we performed separate analyses for the plastid and the ITS data.
ESTIMATION OF DIVERGENCE TIMES
There are no reliable fossil records for Astilbe or Saxifragaceae s.s. We thus conducted a broad phylogenetic analysis of Astilbe and its close relatives in the Saxifragales using matK and trnL-trnF sequences. The ITS and psbA-trnH sequences were not used due to alignment ambiguities in the order. Recent molecular studies indicated that Saxifragaceae with Grossulariaceae, Iteaceae and Pterostemonaceae form a well-supported clade (Jian et al., 2008) . The oldest fossil of Saxifragales is Divisestylus Hermsen from the Late Cretaceous of New Jersey, USA, with fossilized flowers and fruits (89.3-93.5 Ma, Hermsen et al., 2003) . Divisestylus was hypothesized to form a clade with Itea L. and Choristylis Harv. of Iteaceae and Pterostemon Schauer of Pterostemonaceae, as supported by the shared presence of fused stigmas (Hermsen et al., 2003; Hermsen, Nixon & Crepet, 2006) . Based on this fossil, we calibrated the stem age of the Iteaceae-Pterostemonaceae clade using a mean age of the fossil as 91.4 Ma with the standard error of 1.0 to roughly match the fossil age of 89.3-93.5 Ma. Leaf fossils of Ribes L. of Grossulariaceae have been reported from North America, with the oldest record from the Republic flora of Washington State, USA (50 Ma, Wehr & Hopkins, 1994) . There are also leaf records of Ribes from the Eocene Thunder Mountain of central Idaho, USA (lower half of a leaf, 45 Ma, Axelrod, 1998) . Hermsen (2005) suggested that occurrences of Ribes were primarily in the Eocene to the Miocene based on a re-analysis of specimens of published records. In this study, we set the minimum stem age of Grossulariaceae to be 50 ± 1.0 Ma according to Wehr & Hopkins (1994) and Hermsen (2005) .
The Bayesian dating method based on a relaxedclock model (Drummond et al., 2006) was used to estimate the divergence times of the main clades in Astilbe using the program BEAST version 1.6.1 (Drummond & Rambaut, 2007) . BEAST employs a Bayesian MCMC to co-estimate topology, substitution rates and node ages (Drummond et al., 2002) . All analyses were performed using the GTR model of nucleotide substitution with a gamma and invariant sites distribution with six rate categories, based on the results from Modeltest. The tree prior model (yule) was implemented in the analysis, with rate variation across branches assumed to be uncorrelated and lognormally distributed (Drummond et al., 2006) . Posterior distributions of parameters were approximated using two independent MCMC analyses of 20 000 000 generations with 10% burn-in each. Samples from the two chains, which yielded similar results, were combined. Convergence of the chains was checked using the program Tracer 1.5 (Rambaut & Drummond, 2009 ).
ANCESTRAL AREA ANALYSIS
Analysis of potential ancestral distribution areas of clades and taxa in Astilbe was conducted using a maximum-likelihood approach in the program Lagrange (Ree & Smith, 2008) . We used a reduced dataset of ITS sequences to represent each clade in Astilbe. Four areas of endemism were defined for the biogeographical analysis based on the extant distribution of the genus and the geological history: a, Japan; b, continental Asia; c, SE Asian islands; d, North America. Because there are no widespread species in our studied taxa distributed in more than two areas, the maximum range size was constrained to 2 in our analyses.
RESULTS
The ITS data matrix contains 80 accessions representing 20 Astilbe spp. and 18 outgroup taxa (Table 1) Phylogenetic analysis based on the ITS and the plastid data supported the monophyly of Astilbe (Figs 1, 2) . However, incongruence was detected between the nuclear and the plastid data (ILD, P < 0.01). For example, in the ITS tree (Fig. 1) , A. biternata formed a clade with A. rivularis var. rivularis and A. rivularis var. angustifoliolata H.Hara, but this dioecious clade had low Bayesian support (PP = 85%). In contrast, in the plastid tree (Fig. 2) , A. biternata was nested in the large clade of species with perfect flowers.
Three major clades were recognized in both the ITS and the plastid data (clades 1-3 in Figs 1, 2) . The ITS data showed a better resolved topology than the plastid data. Clade 1 includes all species with hermaphroditic flowers. Several subclades are recognizable in clade 1, although their relationships were not well supported (Fig. 1) (Figs 1, 2) .
Our Bayesian dating using the plastid matK and trnL-F sequences and two fossil calibration points under a broad framework of Saxifragales (Fig. 3) suggested the stem age of Astilbe as 20.69 Ma with 95% high posterior density (HPD) interval of 12.14-30.22 Ma (clade A in Fig. 3) , which was also the divergence time between Astilbe and Saxifragopsis. The crown age of clade B concerning the divergence of the North American A. biternata from its Asian counterparts was estimated as 3.54 Ma (95% HPD: 1.29-6.18 Ma). Results from ancestral area reconstruction using the program Lagrange are shown with corresponding migration or dispersal routes in Figures 4 and 5. An initial split between Japan and North America was suggested for Astilbe and Saxifragopsis (route 0 in Fig. 4) . Astilbe was inferred to have migrated from Japan to continental Asia (route 1 in Fig. 4) . Except for the relict species A. platyphylla, the clade of the remaining Astilbe spp. was suggested to have originated in continental Asia, especially in south-western to central China. All the other species from eastern North America, Japan and the SE Asian islands were inferred to have dispersed from continental Asia (routes 2-4 in Fig. 4 ).
DISCUSSION TOPOLOGICAL DISCORDANCE AND HYBRID ORIGIN OF EASTERN NORTH AMERICAN ASTILBE
The monophyly of Astilbe and its sister relationship to Saxifragopsis are confirmed by both nuclear ITS and plastid sequences with a relatively comprehensive sampling scheme (Figs 1, 2) . The topologies from ITS and plastid datasets are largely congruent for the backbone of Astilbe (Figs 1, 2) . However, we found several instances of conflicting taxon placement with strong to moderate support between the nuclear ITS and plastid datasets, such as relationships in clade 3 (Figs 1, 2) . The strongest conflict concerns the position of the eastern North American A. biternata. The ITS data clearly placed A. biternata in the dioecious group, even though its sister relationship to the clade of A. rivularis var. rivularis and A. rivularis var. angustifoliolata is not strongly supported (clade 3 in The incongruent placement of A. biternata may be explained by incomplete lineage sorting or plastid capture (Avise & Ellis, 1986; Rieseberg & Soltis, 1991) . We favour plastid capture for several reasons. Astilbe biternata has a narrow geographical distribution in eastern North America. The ITS sequence obtained from our collection was almost identical to that from another accession sequenced by Kim et al. (2009). Similarly, the plastid sequences of A. biternata from our sampling are identical to those in Trader (2006) . Furthermore, plastid sequence variation is low between A. biternata and other species in the hermaphroditic group (clade 1 in Fig. 2 ). Therefore, polymorphism seems to be unlikely in A. biternata for either plastid or ITS sequence variation, although the possibility of ancestral polymorphism cannot be excluded. Hybridization and plastid capture are common in higher plants and have been reported in Saxifragaceae (Rieseberg & Soltis, 1991; Soltis et al., 1996a) . For example, the incongruence of ITS and plastid data in the Boykinia group was suggested to be due to ancient hybridization and plastid capture between Suksdorfia ranunculifolia Engl. and a species of Boykinia (Soltis et al., 1996a Hamel (1953) proposed that A. biternata may be an allopolyploid derived from hybridization between a species possessing petals and one without petals based on chromosome numbers (2n = 4x = 28) and idiograms. The allopolyploid hypothesis was further supported by inheritance patterns of allozyme alleles (Olson, 1997) . The different placement of A. biternata in the nuclear and plastid data is consistent with the hypothesis of a hybrid origin of A. biternata. The ancestor of A. biternata may have hybridized with a species in the hermaphroditic group, with subsequent plastid capture of a hermaphroditic species into A. biternata.
PHYLOGENETIC RELATIONSHIPS IN ASIAN ASTILBE
In Astilbe, the ITS data suggest that all species with hermaphroditic flowers form a well-supported clade (Fig. 1) , in which two subclades are roughly recognizable, corresponding to the Rubra and Japonica clades of Kim et al. (2009) . The plastid data also supported the monophyly of this group, but species relationships in this clade are poorly resolved (Fig. 2) .
The Rubra clade has a mainly northern distribution ranging from Central China to Japan, including the widely distributed A. chinensis, the north-eastern Asian endemic A. koreana and the Korean A. rubra (BS = 100%, PP = 100%, clade 1a in Fig. 1) . Astilbe chinensis is characterized by inflorescences with flowers of white linear-spatulate petals. Although several varieties have been named based on collections from north-east China, Korea and Japan (Hara, 1939) , the infraspecific classification of A. chinensis is still poorly understood with much remaining debate on the taxonomic importance of the shape and colour of the petals. In this study we sampled more than ten collections of A. chinensis from central, north-western and north-eastern China and central Korea, covering nearly the entire distributional range. The Korean A. rubra did not group with A. rubra from southwestern China (Fig. 1) . Astilbe rubra from Japan and Korea was formerly named as A. chinensis var. 388 W-D. ZHU ET AL. davidii Franch. (Hara, 1976; Ohba, 2001; Kim, 2007) , which is different from the type of A. chinensis, which has narrow, linear, lilac petals with acute apices (Franchet, 1884) . Astilbe koreana, A. chinensis and the Korean A. rubra usually have five petals, dense inflorescences with congested flowers and glabrous stems. Our results support A. chinensis s.l., with little variation in their plastid sequences (Fig. 2) . Astilbe koreana and A. rubra from Korea and Japan may be merged with A. chinensis. Alternatively, they may also be recognized as two varieties: A. chinensis var. koreana Kom. and A. chinensis var. davidii (Franchet, 1884) , respectively.
The Japonica clade is composed of most Astilbe spp. from Japan to China and SE Asia and has a more southern distribution than the Rubra clade (clade 1b in Fig. 1 ). This clade is not well supported in our analyses with more species sampled (PP = 93%, Fig. 1 ), whereas it had strong support in Kim et al. (2009) , who included few samples from continental Asia. However, several subgroups are recognizable in this clade. Astilbe philippinensis from SE Asia is sister to A. longicarpa and A. macroflora endemic to Taiwan (Fig. 1) . Astilbe philippinensis was formerly considered as conspecific with A. rivularis, but can be distinguished by its white petals and densely scattered brown hairs on stems and petioles. Both A. philippinensis and A. longicarpa have white petals with a rounded apex and ovate-lanceolate leaflets with a long acuminate apex. Astilbe rubra from southwestern China is sister to a clade comprising A. longicarpa, A. macroflora and A. philippinensis with moderate to strong support (BS = 80%, PP = 99%). The Bayesian tree based on the ITS data shows that A. grandis Stapf ex E.H.Wilson from China is sister to a clade including A. longicarpa, A. macroflora, A. philippinensis and A. rubra with strong support (PP = 98%), which may indicate a close biogeographical relationship between continental Asia, Taiwan, the Philippines and New Guinea.
Most Japanese species fall into two groups: one including A. japonica and A. microphylla; and the other containing all remaining species including A. simplicifolia Makino. Astilbe simplicifolia is the only unifoliate member of Astilbe, which shows a close relationship with A. odontophylla and A. formosa (Nakai) Nakai (Fig. 1 ). All these species are restricted to central Honshu of Japan with the latter two species considered as varieties or synonyms of A. thunbergii (Ohwi, 1953; Ohba, 2001) . Ohba (2001) also pointed out that A. simplicifolia resembled A. thunbergii and its allies except in possessing simple leaves, and regarded it as a neotenous derivative of A. thunbergii. The ITS tree suggests that A. simplicifolia is nested in the large clade possessing petals and it seems to be derived in the genus.
Both nuclear ITS and plastid data suggest that the dioecious species without petals formed a basal grade to the hermaphroditic group (clade 1 in Figs 1, 2) . The A. rivularis complex is the largest apetalous group widely distributed in mountainous areas of southwestern China, the southern Himalayas, Kashmir, northern part of Indochina and Java. The species complex exhibits a high level of morphological variation among populations across its distributional range, concerning leaflet shape and stem size. Multiple collections of A. rivularis var. rivularis and A. rivularis var. angustifoliolata form a clade with strong support (ITS: BS = 91%, PP = 100%; plastid: BS = 72%, PP = 100%). Members of this clade can be easily diagnosed by a set of characters including long brown hairs along the stem and petioles, leaflets with glandular hairs, petals absent or obsolescent, and five to ten stamens.
Astilbe rivularis var. myriantha is closely related to the hermaphroditic clade, rather than the other A. rivularis varieties (Figs 1, 2) . Diels (1905) originally described the taxon as a distinct species, A. myriantha, based on its lack of petals, ovate leaflets and the lack of long copper-coloured hairs on the petioles. However, Pan (1985) regarded it as a variety of A. rivularis (as A. rivularis var. myriantha). This taxon is polygamous or subdioecious and has a narrow distribution from the Qingling-Daba Mountains around the Sichuan basin to the northern Hengduan Mountains in China (Instituto Botanico Boreali-Occidentali Academiae Sinicae, 1974). Our results support recognizing this taxon at the species level as Astilbe myriantha.
BIOGEOGRAPHY
Both the nuclear and the plastid trees place the Asian Astilbe as sister to the monotypic Saxifragopsis from western North America (Figs 1, 2) , supporting an intercontinental disjunction between Asia and North America. This relationship was also suggested by Soltis et al. (2001) and Kim et al. (2009) . The Bayesian clock dating estimates the divergence of the two genera at 20.69 (12.14-30.22) Ma in the early Miocene. The disjunction may be explained by a vicariance across the Bering land bridge (route 0 in Fig. 4) . The geographical distribution along both sides of the Bering Strait of the Pacific and the availability of the Bering land bridge in the early Miocene are consistent with this scenario (Tiffney, 1985; Wen, 1999) . Although the North Atlantic land bridges were also available at that time, they seem less likely because Astilbe and Saxifragopsis are disjunctly distributed along the north Pacific and there are no records of extant species or fossils of this group from Europe. MOLECULAR PHYLOGENY AND BIOGEOGRAPHY OF ASTILBE 389 Pan (1995) and Kim et al. (2009) suggested Astilbe had its origin in Japan and subsequently migrated independently to eastern North America, continental Asia and SE Asian islands. Our biogeographical analyses of Astilbe based on the ITS sequences in part support this scenario (Figs 4, 5) . Astilbe was inferred to have an early divergence in north-eastern Asia (probably in Japan) and then migrated into continental Asia with major diversifications in China (Fig. 4) . The clade of the remaining Astilbe spp. (except A. platyphylla from northern Japan) was inferred to have a continental Asian origin. It then independently migrated or dispersed to North America, Japan and tropical Asian islands via three routes (Fig. 5) .
The first route was intercontinental dispersal from Asia to North America (Fig. 1) . Astilbe biternata is the single species of the genus from eastern North America, and all other congeners are from Asia. This intercontinental disjunction is unique in the hypothesized hybrid origin of A. biternata, which may be explained by two possible scenarios. The first possibility is that hybridization may have occurred between A. biternata and a hermaphroditic species with further extinction of the ancestor of A. biternata in the Old World. The second scenario involves a hermaphroditic ancestor which migrated from Asia into North America, followed by hybridization with A. biternata and then an extinction event of the hermaphroditic ancestor in North America.
The divergence time of Astilbe between eastern Asia and eastern North America is estimated at 3.54 Ma (95% HPD: 1.29-6.18 Ma). The migration of either the hybrid A. biternata or the hermaphroditic ancestor of A. biternata from Asia into North America was relatively recent in the Pliocene. The Asian/North American plant disjunctions are common in the northern hemisphere and have been explained by either vicariance (via the Bering or the North Atlantic land bridges) or long-distance dispersal (Tiffney, 1985; Wen, 1999; Donoghue & Smith, 2004; Milne, 2006; Wen, Ickert-Bond & Nie Z-L, 2010) . The Bering land bridge appears to be the most likely migration route for Astilbe, and was available for floristic exchanges until 3.5-5.0 Ma in the late Tertiary (Hopkins, 1967; Wen, 1999) . Beringian migrations have been proposed for a number of flowering plant groups, including Circaea L. (Onagraceae, Xie et al., 2009) , Symplocarpus R.A.Salisbury ex Nuttall (Araceae, Nie et al., 2006b) and Phryma L. (Phrymaceae, Nie et al., 2006a ; for a recent review see Wen et al., 2010) . The North Atlantic route (Tiffney, 1985) seems less likely for Astilbe due to the much greater distance between North America and Asia via the North Atlantic land bridges and the absence of Astilbe in Europe. Nevertheless, long-distance dispersal of small winged seeds of Astilbe may also have played a role during the course of migration because the intercontinental disjunction in Astilbe was estimated toward the end of the availability of the Bering land bridge in the Pliocene (Hopkins, 1967) . This dispersal/migration scenario has been proposed for Maianthemum Wiggers s.s. (Asparagaceae; Meng et al., 2008) and Saxifraga rivularis L. (Saxifragaceae; Westergaard et al., 2010) .
The second route was between continental Asia and Japan (Fig. 5) . The two clades of species from Japan (except A. platyphylla) were inferred to have originated in continental Asia and then diversified in Japan (Fig. 4) , but this diversification scenario in Japan cannot be clearly inferred based on our data because of the relatively poor resolution among the taxa from Japan (see the Japonica clade in Fig. 1 ). Increased sampling of markers and taxa is needed to obtain a better understanding of the diversification of Astilbe in the Sino-Japanese region. Nevertheless, our results suggest more than one exchange between Japan and continental Asia (especially China) for the genus. A close floristic relationship between Japan and China has been well documented in various groups of flowering plants (Wu, 1998) , including Symplocarpus (Araceae, Nie et al., 2006b) , Stachyuraceae (Zhu et al., 2006) and Kirengeshoma Yatabe (Hydrangeaceae, Qiu et al., 2009) . Eustatic fluctuations in sea levels from the late Tertiary to the Quaternary could have generated abundant opportunities for plant exchanges between continental Asia and Japan (Qian & Ricklefs, 2000) .
The third biogeographical route or connection was between continental Asia, Taiwan and south-eastern Asian islands, as indicated by the sister relationship of A. rubra from south-western China and the SE Asian A. longicarpa, A. macroflora and A. philippinensis (dispersal 4 in Fig. 4) . The flora of Taiwan shares a close affinity with that of mainland China (Shimabuku, 1997; Ying & Hsu, 2002; Hsieh, 2003; Nie, Wen & Sun, 2007) . For example, species of Gentiana L. sect. Chondrophyllae Bunge of alpine Taiwan have been reported to have a Himalayan origin (Chen, 2001) . Chiang et al. (2006) also suggested a close relationship among Pinus luchuensis Mayr subsp. luchuensis (the Ryukyu islands), P. luchuensis subsp. taiwanensis (Hayata) D.Z.Li (Taiwan) and P. luchuensis subsp. hwangshanensis (W.Y.Hsia) D.Z.Li (eastern China). Some relic genera in eastern Asia, such as Cunninghamia R.Br. ex Rich., Taiwania Hayata and Bretschneidera Hemsl., only occurred in continental Asia and Taiwan during the Pleistocene. The strait of Taiwan disappeared several times and formed the passageway between mainland China and Taiwan in the Tertiary through the Quaternary (Zeng, 1994) . It is likely that Astilbe migrated to Taiwan from continental Asia at that time. The sister group of A. macroflora, A. longicarpa and A. philippinensis may have resulted from a dispersal between Taiwan and the Philippines or other tropical Asian islands, although the floras of Taiwan and the Philippines are distinctive in their general nature (Hsieh, 2003) . The Taiwanese flora is related especially to the Asian mainland, whereas the Philippines show relationships to tropical Asia. The geographical close proximity between Taiwan and the Philippines has allowed certain floristic interchanges via some islands between them in relatively recent times (Li, 1953) . Some disjunct distributions such as Acacia confusa Merr., Laportea batanensis C.B.Rob., Astronia ferruginea Elmer and Premna nauseosa Blanco (Li, 1953; Sun & Chen, 1990) may have followed such a pattern. The southward migration of some temperate or SinoHimalayan elements from Taiwan to the Philippines are mostly alpine elements and largely confined to the mountains of northern Luzon in the Philippines. These elements are now widely disjunct and are related to the alpine floras of south-western China and the Himalayas (Li, 1953; Ying & Hsu, 2002) . The widely distributed A. rivularis from south-western China and the eastern Himalayas and SE Asia may be another example showing this biogeographical connection, but we have to sample the species from SE Asia to confirm this scenario.
